ABSTRACT Lipid bilayers can be induced to adhere to each other by molecular mediators, and, depending on the lipid composition, such adhesion can lead to merging of the contacting monolayers in a process known as hemifusion. Such bilayer-bilayer reactions have never been systematically studied. In the course of our studies of membrane-active molecules, we encountered such reactions. We believe that they need to be understood whenever bilayer-bilayer interactions take place, such as during membrane fusion. For illustration, we discuss three examples: spontaneous adhesion between phospholipid bilayers induced by low pH, polymer-induced osmotic depletion attraction between lipid bilayers, and anionic lipid bilayers cross-bridged by multicationic peptides. Our purpose here is to describe a general method for studying such interactions. We used giant unilamellar vesicles, each of which was aspirated in a micropipette so that we could monitor the tension of the membrane and the membrane area changes during the bilayer-bilayer interaction. We devised a general method for measuring the free energy of adhesion or hemifusion. The results show that the energies of adhesion or hemifusion of lipid bilayers could vary over 2 orders of magnitude from À1 to À50 Â 10 À5 J/m 2 in these examples alone. Our method can be used to measure the energy of transition in each step of lipid transformation during membrane fusion. This is relevant for current research on membrane fusion, which focuses on how fusion proteins induce lipid transformations.
INTRODUCTION
Some fundamental interactions between lipid bilayers are well known and have been extensively studied, including van der Waals interactions (1,2), electrostatic double-layer forces (2), short-range repulsive hydration forces (3) , and undulation-induced steric repulsion (4) . These interactions involve the forces between two (flexible) surfaces. However, other interactions can occur between lipid bilayers because these bilayers possess internal degrees of freedom, including the possibility of redistribution of lipid components (5, 6) . Such interactions are induced by molecular mediators and result in either adhesion or partial merging between bilayers. In studies of membrane fusion, this partial merging (i.e., merging of the contacting leaflets but not the distal leaflets) is called hemifusion (7) (8) (9) (10) (11) (12) . In the course of our studies with various membrane-active molecules, we have encountered several examples of adhesion and hemifusion. We believe that such reactions can be important for membrane fusion. They could also distort the results of nonfusion vesicle experiments if the possible vesicle-vesicle reactions are not understood. Our purpose here is to use examples to illustrate mediator-induced bilayer-bilayer interactions and, of more importance, to describe methods for characterizing such interactions. In particular, we have devised a general method for measuring the free energy of adhesion or hemifusion. One possible application of this method is to analyze the multistep lipid transformations during membrane fusion. Potentially, the method can be used to determine the energy of transition for each step.
In the first example, we discovered a phenomenon of spontaneous adhesion between phospholipid bilayers induced by low pH. Examples of viral fusion proteins activated by low pH are well known (13, 14) . Much less known is the pH dependence of bilayer properties (15) . In the second example, we injected a small amount of polyethylene glycol (PEG) solution between two bilayers, which induced an attraction between them and resulted in the development of a temporary contact zone. This osmotic depletion attraction between two surfaces is understood (2, 16) . Interestingly, for some lipid compositions, this process led to hemifusion at low pH (7) (8) (9) (10) (11) (12) . In the third example, the mediator of bilayer interaction is the multicationic peptide HIV-1 TAT48-60 (TAT). TAT is a prototype cell-penetrating peptide (17) (18) (19) . Recently, it was suggested that TAT enters cells by causing leaky fusion of liposomes (20) . When we injected a small amount of TAT solution between two anionic lipid bilayers, the bilayers developed a cross-bridged contact zone. As in the case of PEG, for some lipid compositions the contact zone led to hemifusion. The implications of these findings will be explored further in future experiments. Here, we concentrate on the methodology used to characterize these mediator-induced bilayer interactions.
We used two different methods to measure the adhesion energies depending on the strength of the interaction. To measure weak adhesion energies, we used the experimental method developed by Evans and co-workers (1, 16, (21) (22) (23) (24) , in which one flaccid giant unilamellar vesicle (GUV) is released to adhere to one tensed GUV. For strong adhesion including hemifusion, we positioned two tensed GUVs next to each other. We then injected a small amount of mediators toward the GUVs. The induced interactions were sufficiently strong that a contact zone developed between two tensed GUVs. We introduced a general method of data analysis to obtain the free energy of adhesion. The method is based on the variation principle of equilibrium state, and thus is independent of how the adhesion or hemifusion state is reached. The same principle applies to both weak and strong interactions.
MATERIALS AND METHODS

Materials
We purchased 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC); 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (SOPE); 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC); 1,2-dioleoyl-sn-glycero-3-
-sn-glycero-3-phosphocholine (NBD-PC); and cholesterol from Avanti Polar Lipids (Alabaster, AL). HIV-1 TAT48-60 (acetyl-GRKKRRQRRRPPQ-amide) was custom synthesized and purified to >95% HPLC by GenScript (Piscataway, NJ). Calcein was purchased from Invitrogen (Carlsbad, CA). PEG of molecular mass 8000 Da (PEG8000) was purchased from Sigma-Aldrich (St. Louis, MO). All materials were used as delivered.
GUVs and micropipettes
GUVs, with and without dyes, were produced by the electroformation method (25) in a production chamber containing 200 mM sucrose solution. For GUVs with dyes, lipids of a selected composition and 0.5% molar ratio of NBD-PC or Rh-DOPE were codissolved in 1:1 (v/v) TFE and chloroform. For GUVs without dyes, the same lipid composition without the dye lipid was used. The lipid solution (~0.07 mg lipid) was deposited onto two indium-tin-oxide (ITO)-coated glass coverslips. After the solution was dried under vacuum, an o-ring was sandwiched between two ITO slips and the gap was filled with 200 mM sucrose solution. Then, 3 VAC at 10 Hz was applied between the two ITO electrodes for 1 h. Subsequently, the frequency was adjusted to 5 Hz for 20 min and then 0.5 Hz for 30 min. This electroformation method has been shown to produce giant unilamellar vesicles (25). The vesicle suspension was then gently collected in a glass vial. The vesicles were used within 24 h of production. The osmolality of every solution used in the GUV experiment was measured on a dew-point osmometer (model 5520; Wescor, Logan, UT).
Micropipettes were made with the use of a micropipette puller (P-97; Sutter Instrument, Novato, CA) and refined by a microforge (MF-900; Narishige, East Meadow, NY). Two micropipettes (diameter 8-16 mm) were used to hold and position the GUVs. Each micropipette was held by a motordriven micromanipulator (MM-188NE; Narishige) and connected to a micrometer-positioned water (or oil) manometer. The latter was used to create suction pressure inside the micropipette (26) . Before use, the micropipettes were coated with 1% bovine serum albumin (BSA) to neutralize the charge on the bare glass surface, and then washed extensively with water. Similar treatments were applied to the walls of the observation chamber. All GUV experiments were performed at room temperature (~25 C). For the second and third examples of mediator-induced lipid interactions, a third pipette (diameter~15 mm) was used to inject a PEG or TAT solution. The injection micropipette was connected to an electrical microinjector (IM-31; Narishige) driven by compressed gas. A small negative pressure was maintained before and after injection to ensure that no solution in the injection pipette was leaked. The injection was triggered by a foot switch connected to an electrical microinjector set at~1 kPa. The injection rate was calculated to be 0.015mL/s.
Weak adhesion experiment
For the weak adhesion experiment, we used a method that was first developed by Evans and co-workers (1,16,21-24) using a flaccid GUV against a tensed GUV; however, we applied a slightly different data analysis. To clearly determine the contours of the lipid vesicles, we used GUVs containing a lipid dye. We transferred 10 mL of the SOPC GUV suspension (at 200 mM osmolality) from the production chamber to an observation chamber (500 mL) that contained 220 mM glucose at a pH controlled by 10 mM of buffer (pH 7 by HEPES, pH 6 by KH 2 PO 4 -NaOH, and pH 5 by citrate). The GUVs rapidly deflated to new, smaller equilibrium volumes. One GUV was aspirated by a micropipette and held with sufficient suction to form a rigid spherical segment outside the pipette. During the adhesion experiment, this tensed GUV was held at the constant suction pressure. A second GUV was aspirated by another micropipette with an initial suction pressure equivalent to~20 mm water. We then maneuvered the GUV into close proximity to the tensed GUV and allowed the adhesion process to proceed in discrete steps by lowering the suction pressure in the second pipette (Fig. 1) . In a reverse process, the adhered GUV was dissociated from the tensed GUV by stepwise increases in suction pressure, so the reversibility of the adhesion process could be evaluated. The entire process was recorded by fluorescence imaging with a Nikon coolSNAP HQ2 camera.
Adhesion induced by the transient presence of mediators
We studied induced adhesion by injecting a small amount of mediators between two tensed GUVs within a short time interval. After the injection, mediator molecules that were not bound to the GUVs dispersed in the observation chamber to such a low concentration that no further interaction with the GUVs was detectable. For this experiment, the osmolality of the glucose solution in the observation chamber was kept the same as that of Biophysical Journal 100(4) 987-995 the sucrose solution in the production chamber. Two GUVs were aspirated by two separate micropipettes, each to a membrane tension~0.7 dyn/cm, and then positioned to slightly contact each other. From a distance of 200 mm, a small amount of mediator in isotonic solution was injected toward the vicinity of the two contacting GUVs (Fig. 2) . PEG as the mediator. PEG of high molecular weight (e.g., PEG8000) in solution has been shown to induce osmotic depletion attraction between two surfaces in close proximity (2, 16) . A small amount of 5 wt % PEG8000 solution at pH 7, 6, 5, or 4 (by citrate), adjusted to 200 mM osmolality by glucose and buffer, was injected toward the vicinity of the two contacting GUVs. The injection apparently produced an attractive force between the two GUVs, as a flat contact zone developed between them (Fig. 2) . In most cases, once the injection stopped, the GUVs bounced back from the contact and separated. However, for certain lipid compositions (e.g., DOPC/DOPE/cholesterol (2:2:1)), if the injected PEG solution was at pH~4, the two GUVs remained adhered to each other and we could not separate them by increasing the suction pressure or manipulating the micropipettes. Subsequent dye transfer tests showed that the contact zone developed to hemifusion. Hemifusion did not occur if the injected PEG solution had a pH > 4 or the injected solution contained no PEG. For a lipid composition such as pure DOPC, no hemifusion occurred in any case. Note that to allow the pH effect to work, we set up the experiment with no buffers in the observation chamber to ensure that during the injection the two GUVs would be temporarily surrounded by low pH. If the observation chamber solution was buffered at pH 4, the GUVs were too fragile (i.e., they had a tendency to rupture upon small disturbance) to perform this experiment.
It is important to make clear that the effect of PEG occurred only during the injection. Once the injection stopped, the PEG molecules were dispersed and the bulk effect was negligible. The same experiment was repeated many times. The maximum amount of PEG injected into the observation chamber was equivalent to a concentration of 0.038 wt % PEG. The PEG-induced osmotic depletion attraction between lipid bilayers was previously measured by Kuhl et al. (2) Below a 1 wt % PEG concentration, there was no detectable effect of osmotic depletion attraction. Indeed, we found that there was no attraction between two GUVs after the injection stopped. Therefore, in our experiment the attractive force between the two GUVs was a transient effect during the injection. TAT as mediators. The experimental setup used for TAT was the same as that used for the PEG experiment, except that the injected solution was 20 mM TAT in 10 mM HEPES (pH 7) and 190 mM glucose (total osmolality 200 mM). The maximum amount of TAT injected was equivalent to 6 nM when dispersed to the entire observation chamber. At this TAT concentration, no effect on GUVs was detected.
As long as the GUV composition included anionic lipids (e.g., DOPC/ DOPG (7:3) or DOPC/DOPE/DOPG/cholesterol (2:2:1:1)), an injection of TAT solution produced a stable contact zone between two GUVs (Fig. 3) . The contact zone developed into hemifusion in the case of DOPC/DOPE/DOPG/cholesterol (2:2:1:1), but not in the case of DOPC/ DOPG (7:3). Lipid dye transfer and content mixing experiments. The occurrence of hemifusion was established by a test that showed transfer of lipid dye Biophysical Journal 100(4) 987-995 from one GUV to another, and a second test that showed no transfer of aqueous contents between the two GUVs (27) . The dye transfer was monitored by the fluorescence images recorded throughout the experiment (Figs.  1-3 ). One GUV with lipid dye and one GUV without dye were used as a pair. Let I o and I be the fluorescence intensity per unit area through the originally dyed GUV and the originally undyed GUV, respectively. Assuming that the dye transfer occurred between the outer leaflets of the two hemifused bilayers, one can predict the saturation value of I/I o to be 1/[2þ(A 2 /A 1 )], where A 1 and A 2 are the membrane areas of the originally dyed GUV and undyed GUV, respectively (28, 29) . The dye transfer curves were plotted as the ratio of the experimental (I/I o ) expt over the theoretical value (I/I o ) theo ¼ 1/[2þ(A 2 /A 1 )], as shown in Fig. 4 . For example, when GUVs of composition DOPC/DOPE/cholesterol (2:2:1) were induced to adhere by PEG at pH 4, the experimental value of (I/I o ) expt reached the theoretical value (Fig. 4) , indicating a dye transfer between the outer leaflets only. In contrast, there were only very small amounts of dye transfer when two GUVs adhered but did not hemifuse (Fig. 4) .
To determine whether content mixing occurred between the aqueous compartments of the two contacting GUVs, we included 8 mM calcein (which is below the quenching concentration) in the content of one GUV (with lipid dye). In all cases, we detected no transfer of dye between the vesicle contents (not shown). Inspection of both the content dye leakage and the GUV phase contrast (sucrose inside versus glucose outside) showed that none of the GUVs were permeabilized during the experiments. Two lipid vesicles were in a hemifusion state when the outer leaflets of the two bilayers merged, but the inner leaflets and aqueous compartments remained separated (27) .
RESULTS
Measurement of the free energy of adhesion
For the free-energy measurement, we used two GUVs both containing a lipid dye. As discussed below, the contours of the GUVs must be clearly imaged for the purpose of analysis. After a stable contact zone was established, the suction pressure was increased stepwise to reach a series of new stable or metastable states of adhesion, so that each adhesion state was measured multiple times at different suction pressures.
Data analysis for weak adhesion
We use the thermodynamic principle that when a system is in equilibrium, its free energy is minimal with respect to perturbations. This method is applicable to any equilibrium state independently of how the state is reached. Although our method and the method used previously by Evans and Metcalfe (22) are both based on the principle of work and energy, we believe that our method has the advantage of conceptual simplicity. For example, it is straightforward to apply our method to two different adhesion experiments, as we demonstrate below.
The system under consideration is a flaccid GUV that spontaneously adhered to a stationary tensed GUV (Fig. 1) . Note that the free energy associated with the membrane tension t is R tdA; where A represents the area of the membrane and t ¼ K a DA=A o ; K a is the membrane stretch constant (30), A 0 is the area of unstretched membrane, and DA þ A 0 is the area of the stretched membrane. The energy change due to a small increase of area dA is
We assume that the adhered GUV consists of 1), the adhered area on the surface of the stationary tensed GUV of radius r; 2), a cylindrical part inside the micropipette of radius R p ; and 3), the unadhered part, or the area between the parts 1 and 2, which is spherical with a radius R (Fig. 5 A) . Note that the sphericalness of the unadhered part is not a condition of equilibrium. Rather, we simply select those equilibrium states in which the unadhered area appears to be spherical. This is done for the purpose of data analysis, for which the area of the GUV must be measured. We realize that this is not exact. The uncertainty of this area estimate is the main source of error for this method.
The energy variation dF due to a perturbation consists of three terms, and the total is zero at equilibrium:
The first term is the tension term due the area change dA by perturbation. The second term is due to the change of the adhesion area by perturbation, with g defined as the adhesion energy per unit area. The third term is the work done by the suction pressure DP, defined as the atmospheric pressure minus the pressure inside the micropipette, with dL defined as the increase of the protrusion length inside the micropipette due to the perturbation. We did not include the bending energy because it is orders of magnitude smaller than the tension energy (16, 30) . t is obtained from the Laplace equations (31): 2tð1=r p À 1=RÞ ¼ DP; where r p is the radius of the curvature of the protrusion cap inside the micropipette. The value of r p was measured and was not necessarily equal to R p .
A perturbation causes variations in six variables-dR, dq, df, dL, dA, and dt (where the angles q and f are defined in Fig. 5 A) -subject to the five constraints listed below. (We considered but did not include the variable dr p , which makes small contributions to the volume and area variations. We found that inclusion of the variable dr p changed the free energy g by <3%, which is insignificant in view of the larger errors in measurements.) (i) The volume within the GUV remains constant, or there is no influx or outflux of water. This condition has been well-established in GUV aspiration experiments (26, (30) (31) (32) (33) :
(ii) The total area of the GUV consists of three parts as stated above:
(iii) The contact areas of the two GUVs are the same:
(iv) The tension-area relation is:
Because there is no change in the pressure, we have
We used Eqs. 2-6 to reduce the number of independent variation variables from 6 to 1. Thus, Eq. 1 is solvable for the unknown quantity g, the adhesion free energy per unit area.
Our method allows variations of all the variables of the system under consideration, except for the constant volume in each GUV. The constant volume of a GUV is a well-established condition during the aspiration process. The developers of the aspiration method (23) , as well as results from our own experiments (26, 32, 33) , have shown that as long as the osmotic balance is maintained between the inside and outside of a GUV, the volume of the GUV will remain constant. For comparison, the previous method of Evans and Metcalfe (22) assumes that the area, tension, and volume do not change during perturbation. In addition, to simplify the calculation for the geometric factor, we chose only those equilibrium states in which the unattached part of the GUV was spherical. The main source of errors when a GUV is used to calculate the energy is always the geometric factor (22) .
Data analysis for strong adhesion
The equilibrium states of a strong adhesion are shown in Figs. 2 and 3, i.e., two spherical GUVs, labeled 1 and 2, with a flat contact zone in between (Fig. 5 B) . The sphericalness of the unattached parts of the GUVs and the flatness of the contact zone are not the condition of equilibrium. We select pairs of GUVs of approximately the same size, aspirate each pair by the same suction pressure, and select the cases that have flat contact zones. We adjust the positions of the micropipettes until the unattached parts of both GUVs appear to be spherical. This is strictly for the purpose of measuring the membrane area. Upon perturbation, the free-energy variation dF consists of the tension terms, the adhesion terms, and the work terms by suction for both GUVs:
A perturbation causes variations in 10 variables-dR 1 , dR 2, dq 1 , dq 2 , dL 1 , dL 2 , dA 1 , dA 2 , dt 1 , and dt 2 (Fig. 5 B) subject to nine constraints. (Again, we did not include dr p1 and dr p2 , for the reasons noted above.) (i) The volume of each GUV remains constant:
(ii) The total area of each GUV consists of the spherical part, the contact zone, and the protrusion inside the micropipette:
(iv) The tension-area relations are:
Because there is no change in the pressures, we have
Weak adhesion experiment
For lipid vesicle experiments, it is a standard practice to coat the glass surface with BSA to neutralize the surface charge (34) . Because BSA in solution can induce osmotic depletion attraction between lipid bilayers (24), we were concerned about the possibility that the coated BSA might, perhaps in a pH-dependent manner, redissolve into the solution. Therefore, we measured the BSA spectrum (35) of the solution taken from the observation chamber at different pH values. In all cases, we found that the glass-coated BSA did not redissolve into the solution. Spontaneous adhesion between lipid vesicles can be seen in the vesicle suspension. In SOPC vesicles, we did not detect spontaneous adhesion at pH values 6 and 7 (Fig. 6) . However, at pH %5, vesicles spontaneously adhered to each other in pairs or in multiples (Fig. 6) . We observed the same adhesion phenomena by adding acid to achieve pH 5 without buffers. Of importance, the adhesion was reversible. As shown in Fig. 1 , the adhesion of the flaccid GUV took place as the suction pressure was decreased. At any step, if the suction pressure was increased, the GUV reversibly detached and recovered the previous states. Because the system was in equilibrium at each suction pressure, the energies measured at different suction pressures were very close (Fig. 7) .
The pH-induced adhesion did not produce hemifusion in any of the lipid compositions we tested, including pure SOPC, SOPC/SOPE (4:1), and SOPC/cholesterol (4:1). The energies of adhesion for these lipid compositions at pH 5 are shown in Table 1 . There were small variations of adhesion energy with the lipid compositions. The very large standard deviations (~50%) were due to the very small suction pressures used (~0.5-2.5 mm water). The stability of the water manometer is~0.2 mm.
Strong adhesion experiment
We induced strong adhesion by introducing mediators between two GUVs for a short period of time (<200 s for PEG and~5 s for TAT). The mediator molecules that did not bind to the GUVs during that time were all dispersed to negligible concentrations. The PEG-induced attraction created a temporary contact zone between two GUVs. As soon as the PEG injection stopped, the two GUVs detached from each other unless a hemifusion occurred. Hemifusion never occurred with GUVs of pure DOPC. In contrast, between two GUVs of DOPC/DOPE/cholesterol (2:2:1), FIGURE 6 GUVs of SOPC spontaneously aggregated at pH 5 (right), but did not aggregate at pH 7 (left). Scale bar ¼ 50 mm. Biophysical Journal 100(4) 987-995 hemifusion occurred at a random time during the injection of PEG solution, indicating a stochastic process. The observation that cone-shaped lipids, such as PE and cholesterol, promoted hemifusion was expected (36) . However, hemifusion occurred only when the injected PEG solution was pH 4, and not at any higher pH. Whether this is related to the low-pH-induced adhesion observed with SOPC remains to be investigated.
The TAT injection to anionic GUVs always created a stable contact zone. There was no hemifusion in the case of DOPC/DOPG (7:3). In the case of DOPC/DOPE/ DOPG/cholesterol (2:2:1:1), the contact zone developed into hemifusion. We measured the energy of adhesion at the initial equilibrium state and also at a series of stable or metastable states created by an increase in suction pressure (Fig. 7) . In the cases of hemifusion and strong adhesion by TAT, increasing suction pressure reduced the contact zone, which required a small area of strongly adhered bilayers or hemifused bilayers reversed to two separate bilayers. It is possible that the small dependence of g on the suction pressure (Fig. 7) reflected the incomplete reversibility during the experimental time. The average values given in Table 1 include only the measurements for the initial equilibrium states.
DISCUSSION
It is clear from these examples that there are many molecular mediators that can cause interactions between lipid bilayers. The adhesion of SOPC vesicles was readily observable at pH < 5 (Fig. 6) . The same adhesion phenomenon was observed regardless of whether the low pH was achieved by a buffer or by addition of acid to the solution. In a previous study, Evans and Needham (16) measured the adhesion between two SOPC GUVs in 0.1 M NaCl (pH 7.0 buffer) and obtained an adhesion energy of À1:3 Â 10 À5 J=m 2 , which is comparable to our g ¼ Àð1:72 5 0:90Þ10 À5 J=m 2 at pH 5 without salt. Perhaps H þ and Na þ ions have the same effect on SOPC; however, the exact mechanism that causes the bilayer adhesion is not clear.
On the other hand, it is known that adhesion occurs between anionic bilayers cross-bridged by multivalent cations, such as La þ3 (37) and Eu þ3 (38) . We tested several cationic peptides for this effect: magainin, which has þ6 (including the N-terminus) and À1 charges in 23 amino acids; melittin, which has þ6 charges in 26 amino acids; and TAT, which has þ8 charges in 13 amino acids. Only TAT could induce adhesion between anionic lipids. Lastly, although we expected PEG to produce osmotic depletion attraction between bilayers, we were surprised to find that PEG at pH 4 (but not at any higher pH) induced hemifusion in PE/cholesterol-containing lipids.
How should such adhesions be characterized? We suggest that the most important characteristic is the free energy of adhesion, and propose a method that can successfully measure this property for all of the examples discussed above. Our method can measure a wide range of adhesion energies, at least from À1 Â 10 À5 J=m 2 to À50 Â 10 À5 J=m 2 : In fact, we do not expect an instrumental limit for large values of adhesion energy. It is clear that cross-bridging by TAT dominated the adhesion energy whether hemifusion occurred or not. Thus, TAT-induced adhesion or hemifusion had a g -value of~À50 Â 10 À5 J=m 2 whereas g for hemifusion induced by PEG was~À13 Â10 À5 J=m 2 . These values can be compared with SOPC adhesion g ¼ À12Â 10 À5 J=m 2 under the effect of constant osmotic depletion force induced by 9.3 g/100 cm 3 dextran (MW 36500) measured by Evans and Needham (16) .
The methods we have discussed here are relevant to some crucial questions in the field of membrane fusion research. Membrane fusion is a complicated yet ubiquitous process that occurs constantly in eukaryotic cells. Active research on this subject over the last two decades has clarified the roles of various fusion proteins (39) (40) (41) (42) (43) (44) (45) . There is now a converging view that the formation of fusion protein complexes (13, 40, 43, 46) exerts a force that pulls two membranes into close proximity. The fusion proteins are anchored to the fusing membranes via a transmembrane domain or a fusion peptide. However, exactly how the proteins manipulate the two lipid bilayers to merge remains unclear (47, 48) . Three questions relevant to our discussion are: 1), How do the two lipid bilayers come into contact? 2), What causes the transition to hemifusion? 3), Is the hemifusion intermediate state a free-energy barrier, as is often suggested (7) (8) (9) (10) (11) (12) ?
Despite the fact that cell membranes are generally covered by carbohydrates glycosylated to lipids and proteins, it is commonly believed that one of the key steps during membrane fusion involves the creation of a protein-denuded contact zone in each of the two fusing membranes so as to allow bilayer-bilayer contact and merger (43) . However, since the bulky fusion-protein complexes are between the two membranes, the cause of the bilayer-bilayer contact has been a major puzzle (43, (46) (47) (48) . Could it be that fusion proteins simply need to pin two bilayers together long enough and the bilayers do the rest spontaneously, or do the fusion proteins play an active role in directing the contact and merger between two bilayers (46) ? Perhaps mediated adhesion between bilayers, as discussed here, is a factor in membrane fusion, particularly at low pH.
It is now believed that most, if not all, biological membrane fusion proceeds through a hemifusion intermediate (27) . The structure of this fusion intermediate, which is termed the stalk, has been confirmed by x-ray diffraction (49) . In fact, the stalk structure was theoretically predicted (7) almost 20 years before it was confirmed by experiment (49) . However, there is wide theoretical disagreement about the free-energy level of hemifusion (7) (8) (9) (10) (11) (12) 
